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Introduction
Over the course of tumor development, cancer cells encounter various microenvironmental stresses, including hypoxia and nutrient deprivation (1) . In response to these stress conditions, cells activate a number of homeostatic pathways that are collectively known as the integrated stress response (ISR). Activation of ISR is accompanied by a global reduction of protein synthesis caused by phosphorylation of translation initiation factor eIF2α by a family of eIF2 kinases that includes PERK and GCN2 (2) (3) (4) . Paradoxically, the increase in eIF2α phosphorylation leads to enhanced expression of activating transcription factor 4 (ATF4), a basic leucine zipper (bZIP) transcription factor (5), primarily via enhanced translation of its mRNA by a mechanism involving its 5′ UTR (6) . ATF4 in turn transcriptionally upregulates multiple effectors that ultimately determine cell fate, depending on the severity and duration of the stress as well as other microenvironmental factors. Tumor cells have been shown to induce ISR to adapt to physiological stress conditions in their microenvironment, such as hypoxia and nutrient deprivation (7) (8) (9) .
Failure to fully induce ISR by eIF2 kinases PERK and GCN2 and to activate ATF4 reduces tumor cell growth in vitro and in vivo (10) (11) (12) . Human tumor samples exhibit higher levels of ATF4 compared with corresponding normal tissues, and ATF4 expression overlaps with areas of hypoxia in human cervical carcinomas (10) , supporting a prosurvival role for ATF4 in these conditions. Moreover, deletion or knockdown of ATF4 from transformed cells results in significantly reduced tumor growth in a xenograft model (11) . Interestingly, ATF4 overexpression correlates with resistance to chemotherapeutic agents, including cisplatin, doxorubicin, vincristine, and etoposide (13) (14) (15) .
More recently, deletion of Perk in a mouse model of mammary carcinoma was reported to reduce the incidence of tumor metastasis (12) . Since ATF4 is downstream of PERK, it could also play a role in the metastatic cascade. Inhibition of PERK or knockdown of GCN2 decreases the migration of breast cancer and melanoma cells in in vitro assays (16) . Additionally, ATF4 was shown to be a crucial regulator of the epithelial-to-mesenchymal transition (EMT) in neural crest cells, a process that is required for metastasis of epithelial tumors (17) .
Loss of attachment of cancer cells to the extracellular matrix (ECM) is required for them to intravasate and enter into the blood and lymphatic vessels (18) . While in circulation, the cancer cells must then survive the hostile environment of the circulation and resist anoikis, which is a specialized form of cell death caused by loss of contact with the ECM (19, 20) . Metastatic cancer cells have been shown to develop resistance to anoikis by activating several signaling pathways that impinge on extrinsic and mitochondriamediated apoptosis (20, 21) .
PERK-mediated activation of the ISR following matrix detachment in mammary epithelial cells (MECs) was shown to promote survival and is required for proper luminal filling in 3D cultures
The integrated stress response (ISR) is a critical mediator of cancer cell survival, and targeting the ISR inhibits tumor progression. Here, we have shown that activating transcription factor 4 (ATF4), a master transcriptional effector of the ISR, protects transformed cells against anoikis -a specialized form of apoptosis -following matrix detachment and also contributes to tumor metastatic properties. Upon loss of attachment, ATF4 activated a coordinated program of cytoprotective autophagy and antioxidant responses, including induced expression of the major antioxidant enzyme heme oxygenase 1 (HO-1). HO-1 upregulation was the result of simultaneous activation of ATF4 and the transcription factor NRF2, which converged on the HO1 promoter. Increased levels of HO-1 ameliorated oxidative stress and cell death. ATF4-deficient human fibrosarcoma cells were unable to colonize the lungs in a murine model, and reconstitution of ATF4 or HO-1 expression in ATF4-deficient cells blocked anoikis and rescued tumor lung colonization. HO-1 expression was higher in human primary and metastatic tumors compared with noncancerous tissue. Moreover, HO-1 expression correlated with reduced overall survival of patients with lung adenocarcinoma and glioblastoma. These results establish HO-1 as a mediator of ATF4-dependent anoikis resistance and tumor metastasis and suggest ATF4 and HO-1 as potential targets for therapeutic intervention in solid tumors.
ATF4-dependent induction of heme oxygenase 1 prevents anoikis and promotes metastasis stress response (22) . To test this, we subjected HT1080 cells to suspension stress. Increased eIF2α phosphorylation (p-eIF2α) was detected in cells under suspension compared with the cells grown in attachment conditions ( Figure 1A ) at 24 hours and was sustained for 36 hours. Levels of p-eIF2α following ECM loss were comparable to levels in those cells that were treated with thapsigargin (TG), a SERCA pump inhibitor and well-established inducer of ISR. A concomitant increase in ATF4 levels was also detected ( Figure 1A) . A similar induction of ISR through PERK was also observed in DLD1 colorectal adenocarcinoma cells (Supplemental Figure 2) , demonstrating that this effect was not restricted to a single cell type. A significant upregulation of the mRNA levels of the ATF4 transcriptional targets DNA damageinducible transcript-3 (DDIT3/CHOP), ATF3, and asparagine synthetase (ASNS) after 48 hours indicated an effective induction of the ISR by ATF4 ( Figure 1B ). These results demonstrate that loss of ECM attachment stimulates ISR signaling characterized by induction of ATF4 and its target genes.
PERK-mediated eIF2α phosphorylation is one of the 3 signaling pathways activated during the unfolded protein response (UPR) (27) . The other signaling modules consist of splicing and enhanced translation of the transcription factor XBP1 by the endonuclease/kinase IRE1α and translocation and proteolytic cleavage of the transcription factor ATF6. Loss of matrix attachment for 48 hours in HT1080 cells resulted in a robust increase of spliced XBP1 transcript and XBP1s protein expression (Supplemental Figure 3, A and B) . We also detected an increase in ATF6 processing by 24 hours that was sustained until 48 hours (Supplemental Figure 3B) . Levels of XBP1s and cleaved ATF6 protein were comparable to those induced by TG, indicating that the full spectrum of UPR responses was elicited following detachment stress.
Loss of ISR signaling increases anoikis-mediated cell death. Loss of matrix attachment leads to programmed cell death -a phenomenon known as anoikis (20) . During the 48-hour period following detachment, we did not observe significant levels of apoptosis, as characterized by the absence of cleaved PARP (c-PARP) and c-caspase 3 in HT1080 or DLD1 cells ( Figure 1A and Supplemental Figure 2 ). In contrast, the proapoptotic agent staurosporine (ST) caused a substantial increase in apoptosis markers in these cells.
The ISR can have differential effects on cellular fate (both survival and death), depending on the duration, severity and nature of the stress. To determine the role of ISR in cell fate, HT1080 cells stably transfected with either shNT or shRNA against PERK (shPERK) were subjected to suspension conditions. Compared with the induction of ATF4 expression and eIF2α phosphorylation in shNT.HT1080 cells, induction of eIF2α phosphorylation and ATF4 expression were significantly attenuated in shPERK. HT1080 cells, which also exhibited significantly increased levels of c-PARP and c-caspase 3 ( Figure 1C ), corresponding to a 2-fold reduction in surviving cell fraction of shPERK.HT1080 cells by 48 hours ( Figure 1E ).
As an alternate approach to blocking PERK activation under these conditions, we utilized a highly specific PERK inhibitor (GSK414) that binds to kinase domain and inhibits PERK activity (28) . Treatment of HT1080 cells (Figure1D) or DLD1 cells (Supplemental Figure 2 ) with GSK414 blocked PERK activation in suspension cultures, as evident from reduced p-PERK levels, p-eIF2α and lactating mammary glands in vivo (22) . However, the precise role of ATF4 in these processes as well as the mechanistic basis for such a role has not been elucidated. Here, we have focused on the specific role that ATF4 plays in metastatic behavior, including migration, invasion, and the ability to colonize distant sites. We found that the ISR is robustly activated following loss of matrix attachment and acts as a prosurvival signal by inducing an ATF4-dependent cytoprotective autophagic response characterized by transcriptional regulation of key autophagy genes, such as ATG5, ATG7, and ULK1. Furthermore, we show that ATF4 dramatically reduced ROS production to prevent anoikis. Activation of the antioxidant response is characterized by increased expression of several antioxidant genes, particularly heme oxygenase 1 (HO-1), a rate-limiting enzyme that degrades heme to carbon monoxide (CO), biliverdin, and ferrous iron (23) . Intriguingly, induction of HO-1 is dependent upon NRF2, a master antioxidant transcription factor that is also regulated by PERK (23) (24) (25) (26) . Finally, we also demonstrate that the ATF4-dependent, prosurvival response is critical for effective lung colonization in mice and that HO-1 expression is a predictive marker for reduced overall survival in lung cancer and glioblastoma patients. Taken together, our studies indicate that ATF4 plays a central role in mediating an antioxidant and proautophagic ISR that enables cancer cells to survive and migrate to secondary sites during tumor metastasis.
Results

Effect of ATF4 expression on tumor cell migration and invasion.
Invasion and migration are key cellular attributes necessary for metastasis, and depletion of ATF4 has been implicated in decreasing cell migration during hypoxia (16) . To examine the effect of ATF4 expression on the migration of HT1080 human fibrosarcoma cells (a cell line shown to form aggressive metastatic tumors in mouse lungs), we utilized scratch and Transwell migration assays. When HT1080 cells stably expressing either a nontargeting shRNA (shNT.HT1080) or an shRNA against ATF4 (shATF4.HT1080) were tested with the scratch assay under normoxia, no difference was seen in the rate of scratch closure between the 2 cell lines (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/ JCI78031DS1). Next, we assessed the migratory ability of shNT. HT1080 and shATF4 cells under hypoxia (0.5%) by Transwell migration. shNT and shATF4.HT1080 cells were exposed to either 0.5 % hypoxia followed by normoxia for 10 hours (Supplemental Figure 1B ) or to hypoxia alone (Supplemental Figure 1C) . No significant differences in the migratory behavior of ATF4-replete or -deficient cells were observed (Supplemental Figure 1 , B and C). To determine whether ATF4 affects cell invasion, HT1080 cells with or without ATF4 (shNT and shATF4) were plated in 24 Transwell Matrigel-coated plates and cell invasion was assayed after exposed with hypoxia (0.5%) for 8 hours. As with the migration assay above, ATF4 expression did not significantly alter the invasive capability of the HT1080 cells (Supplemental Figure 1D) . of suspension stress ( Figure 1F ). Moreover, shGCN2.HT1080 cells did not display any significant induction of apoptosis markers, indicating that GCN2 does not play a causative role in resistance to anoikis. We conclude from these results that induction of PERK following cellular matrix detachment is a mechanism to resist anoikis-mediated cell death. ATF4 plays a critical role in resistance to anoikis. We wanted to determine the role of ATF4 in providing resistance to anoikis. Both shNT.HT1080 and shNT.DLD1 cells exhibited ATF4 induction following matrix detachment (Figure 2, A and B) . In contrast, knocklevels, and ATF4 induction ( Figure 1D and Supplemental Figure 2 ). While GSK414 alone did not cause any significant increase in apoptosis in attached cells, treatment of suspension cultures resulted in significant induction of c-PARP and c-caspase 3 levels, which corresponded to about 70% reduction in cellular survival by 48 hours ( Figure 1E ). To investigate whether the cytoplasmic, amino acid-sensing kinase GCN2 played any role in conferring anoikis resistance, we also subjected shGCN2.HT1080 cells to attached and suspension conditions. Absence of GCN2 did not cause any change in elevated p-eIF2α or ATF4 levels by 48 hours Percentage of cell survival is represented as mean ± SD from 3 independent experiments (n = 3, mean ± SD). *P < 0.05; **P < 0.01, Student's t test. All immunoblots are representative of 2 independent experiments. jci.org Volume 125 Number 7
July 2015 HT1080 cells, was recovered when ATF4 expression was reconstituted in trans by Ad-mATF4 ( Figure 3D ). Autophagy can have both cytoprotective and cytostatic roles toward tumor cells (31) . On the one hand, autophagy can suppress tumor cell growth by eliminating unfolded proteins and damaged cellular organelles, particularly during tumor initiation. However, it can also promote tumor cell growth by raising the apoptotic threshold of cells under stress conditions associated with the tumor microenvironment (32) . To investigate the role of ATF4-dependent autophagy during loss of ECM attachment, we treated HT1080 cells with increasing concentrations of spautin-1, an autophagy inhibitor that acts by inhibiting the VPS34/PI3K complex required for autophagic vesicle nucleation (33) . Spautin-1 treatment (5 and 10 μM) decreased LC3B processing in both attached and suspension culture conditions in HT1080 cells ( Figure 3E ). Importantly, cells treated with spautin-1 under suspension conditions had significantly increased levels of c-PARP and c-caspase 3 ( Figure 3E ). Time-course analysis with 5 μM spautin-1 showed significantly increased apoptosis ( Figure 3F ) and reduced survival ( Figure 3G ) as early as 24 hours following treatment.
ATF4 transcriptionally modulates several autophagy genes by directly binding to their promoter in response to cellular stress conditions such as hypoxia (34) (35) (36) . We investigated to determine whether key ATF4-targeted autophagy genes were modulated following matrix detachment. We found a significant increase (~4-fold) in transcript levels as well as protein levels of ATG5, ATG7, and ULK1 by 48 hours of suspension ( Figure 3H ). The expression of these transcripts as well as their corresponding protein levels was dependent on ATF4, as their induction was significantly blocked in its absence (Supplemental Figure 5A) . Knockdown of ATG5, ATG7 and ULK1 by siRNA in HT1080 led to abrogated LC3 processing compared with nontargeting siRNA-transfected (siNT-transfected) cells (Supplemental Figure 5 , B and C). Similar to our previous observations, failure to induce autophagy in the absence of ATG5, ATG7 or ULK1 led to an increase in apoptosis (Supplemental Figure  5 , B and C). Therefore, ATF4-mediated induction of autophagy in response to matrix detachment acts as a cytoprotection mechanism against anoikis.
Loss of ATF4 increases ROS levels in suspension cell cultures. Matrix detachment is often associated with substantial levels of oxidative stress caused by increase in ROS production (37) . Interestingly, ATF4 activation has also been linked to cells' protection from oxidative stress, which transcriptionally activates multiple antioxidant genes to maintain redox status in the cells (2, 38) . Therefore, we hypothesized that loss of ATF4 should significantly compromise the ability of the cells to ameliorate increased ROS production and should render cells sensitive to anoikis-mediated cell death. To test this, shNT and shATF4.HT1080 cells were treated with vehicle or Trolox, a water-soluble analog of vitamin E and a potent antioxidant, during attached and suspension culture conditions. Addition of Trolox resulted in a significant increase of cell viability of shATF4 cells compared with vehicle-treated cells ( Figure 4B ). By comparison, Trolox treatment drastically reduced c-PARP and c-caspase 3 levels in suspension of shATF4.HT1080 cells without significantly altering the levels of PERK and eIF2α phosphorylation status ( Figure 4A ). Coincidentally, activation of anoikis is also associated with glucose deprivation as well as a drop down of ATF4 expression by stably transfecting shRNA (shATF4) in both cell lines resulted in higher levels of apoptosis, corresponding to over 50% reduction of cell survival ( Figure 2 , A-C). Additionally, we utilized the CRISPR/CAS9 system to target the exon 2 of the ATF4-coding sequence and developed a CRISPR-ATF4 HT1080 cell line. Similarly to shATF4.HT1080 cells, CRISPR-ATF4.HT1080 cells demonstrated increased sensitivity to anoikis following 48 hours of suspension (Supplemental Figure 4A) . Compared with shPERK cells, for which 24 hours of suspension was sufficient for induction of apoptosis, we did not observe significant anoikis in shATF4.HT1080 or in CRISPR-ATF4 HT1080 cells until 48 hours in suspension ( Figure 2A and Supplemental Figure 4A ). This delay could be attributed to other cellular effects of PERK, independent of ATF4 activation, such as downregulation of IFN signaling and activation of NRF2 (29, 30) .
To further probe the role of ATF4 in resistance to anoikis, we developed a HT1080 cell line in which the levels of ATF4 could be modulated by a doxycycline-inducible (Dox-inducible) shRNA against ATF4 (i-shATF4). This system permitted regulated expression of ATF4 without direct modulation of any other component of the ISR. Addition of Dox effectively blocked the expression of ATF4 following TG treatment as well as in suspension conditions ( Figure 2D ). Importantly, Dox treatment of i-shATF4.HT1080 cells resulted in a significant increase in apoptosis compared with treatment of i-shNT.HT1080 cells ( Figure  2D ). To minimize the possibility that the effects seen with the shATF4 cells were due to off-target effects of the shRNA, a fulllength version of mouse ATF4 (mATF4) was expressed using adenovirus-mediated transduction in shATF4.HT1080 cells ( Figure 2E) . As a control, we also infected shATF4 cells with adeno-Cre to rule out any effects that could be induced by viral infection. In contrast to adeno-Cre-infected shATF4.HT1080 cells, expression of mATF4 in shATF4.HT1080 cells completely blocked anoikis, with no significant reduction in the percentage of surviving cells following suspension stress (Figure 2, E and F ). Finally, we tested to determine whether expressing ATF4 in trans could rescue cells from anoikis in the absence of PERK. Expression of mATF4 in shPERK.HT1080 did not reverse the anoikissensitive phenotype, further supporting an essential role of PERK and additional signaling in this process (Supplemental Figure 3B) .
ATF4-dependent cytoprotective autophagy decreases anoikis. Matrix detachment has been shown to induce a PERK-dependent autophagy program to survive anoikis (22) . We wished to determine whether ATF4 plays a critical role in the process. When placed under suspension, HT1080 cells showed induction of autophagy, as evident from processing of LC3BI to LC3BII and degradation of p62 (also referred to as SQSTM1), which acts as a ubiquitin-binding scaffold protein ( Figure 3A) . In contrast, shATF4.HT1080 cells showed a significant drop in LC3B processing compared with shNT.HT1080 cells in suspension culture by 24 hours ( Figure 3B ). By 48 hours, the shATF4 cells lacked any LC3BII expression, suggesting that ATF4 expression is critical for autophagy ( Figure 3B ). Autophagy flux assays that were performed by treating shATF4.HT1080 cells with proteasome inhibitors E64d/Pep revealed reduced LC3B processing compared with shNT.HT1080 cells in suspension ( Figure 3C) . Importantly, the autophagic response, which could not be sustained in shATF4. jci.org
Volume 125 Number 7 July 2015 of ATP production in the cells -both of which have been shown to induce ISR (37) . Thus, the presence of the sustained ISR signaling is likely a reflection of the multiple types of stress conditions a cancer cell has to withstand when it loses cell-to-cell or matrix contact.
To measure the impact of ATF4 expression on levels of oxidative stress, we assayed 2′,7′-dichlorofluorescin diacetate (DCF-DA) fluorescence in shNT and shATF4.HT1080 cells grown in suspension for various time points. Compared with attached cultures, both shNT and shATF4.HT1080 cells showed significant upregulation of DCF-DA fluorescence levels at as early as 6 hours of suspension ( Figure 4C ). By 24 hours, shNT.HT1080 cells showed reduced DCF-DA fluorescence levels compared with shATF4 cells ( Figure 4C ). Persistently high fluorescence activity over time in shATF4.HT1080 cells suggests continuous accumulation of ROS in the absence of ATF4 followed by loss of matrix attachment.
As a secondary assay for levels of cellular oxidative stress, we used the oxidative pentose phosphate cycle (OPPC) assay. The Figure 4D ). However, by 24 hours, there was significantly higher accumulation of 14 CO 2 in shATF4.HT1080 cells compared with shNT cells, which was comparable to that induced by 5 mM misonidazole treatment (a potent prooxidant agent), suggesting increased metabolic flux through the OPPC ( Figure 4E ). Collectively, these results support a model in which absence of ATF4 results in progressively increased levels of oxidative stress that ultimately lead to sensitivity to anoikis.
ATF4 is a potent inducer of expression of the antioxidant gene HO-1 in response to anoikis. ATF4 transcriptionally regulates several antioxidant genes in response to oxidative stress, including HO-1, glutathione peroxidase 1 (GPX1), and superoxide dismutase 2 (SOD2) (40, 41) . While GPX1 and SOD2 levels remained largely unchanged, HO1 transcript levels were increased nearly 5-fold after 24 hours of suspension, in an ATF4-dependent manner ( Figure 5A ). Correlating with its transcript expression, the protein levels of HO-1 were significantly upregulated in both HT1080 and DLD1 cells placed in suspension for 24 hours ( Figure 5B and Supplemental Figure 6A) . Importantly, HO-1 protein levels were Immunoblots for apoptosis markers were performed. (E) Schematic representation of AREs in the HO1 promoter and primer sets (p1, p2, p3) indicating amplified regions encompassing the 3 ARE sites along with transcription start site (TSS). ChIP analysis was performed by either α-ATF4 or α-NRF2 antibody and by measuring enrichment at 3 AREs in human HO1 promoter by RT-PCR. Antibodies against histone 3 (α-histone 3 D2B12) and rabbit IgG (α-rabbit IgG) were used as positive and negative controls, respectively, to amplify human RPL30 exon 3 of the human genome. Data are represented as ratio of input DNA (1:25) and presented as mean of 2 independent experiments (n = 2, mean ± SD). *P < 0.05; **P < 0.01, Student's t test. (F) Immunoblot analysis for indicated proteins in shNT and shATF4.HT1080 cells transfected with siNT or siNRF2 after 48 hours of suspension. All immunoblots are representative of 2 independent experiments. jci.org Volume 125 Number 7 July 2015
Next, we wanted to determine whether binding of NRF2 to the HO1 promoter is dependent on ATF4. Knocking down NRF2 in HT1080 cells (siNRF2) resulted in a significant reduction of binding of ATF4 in ARE1 and ARE3, suggesting that NRF2 is required for binding of ATF4 to the HO1 promoter (Supplemental Figure  7C) . However, ChIP analysis in shATF4.HT1080 cells showed no significant change in NRF2 binding to AREs in the HO1 promoter (Supplemental Figure 7D) . Together, these data strongly point toward a cooperative activity of ATF4 and NRF2 that increases HO1 mRNA and protein levels and also show that absence of either one of these transcription factors compromises HO-1 induction under ECM detachment.
ATF4 is required for lung colonization by human fibrosarcoma cells. To test the consequences of ATF4 loss and inability to mount an effective anoikis in an in vivo system, we employed a lung colonization assay using luciferase-expressing shNT.HT1080 or shATF4.HT1080 cells (Supplemental Figure 6A) . Colonization in this assay is dependent on the survival of the injected cells while in circulation as well as attachment of the cells. Luciferase activity of each cell line in vitro was comparable (data not shown). Both shNT and shATF4.HT1080 cell-injected mice showed robust luciferase activity in the chest cavity due to the apparent trapping of the cells in the lung capillaries. Because imaging of the mice was performed 4 hours after inoculation, these results indicate that the cells were viable at the time of injection. (Supplemental Figure 8A) . The bioluminescent signal continued to increase in the mice with shNT.HT1080 cells with each weekly measurement, while no signal was detected in mice injected with either one of two distinct shATF4 clones (Supplemental Figure 8B) . Of 7 mice injected with shNT.HT1080 cells, 6 developed sizeable lung colonies with increased H&E staining, while none of the mice injected with the shATF4 clones did (Supplemental Figure 8, C and D) . The overall survival curves reflected this dramatic difference in lung colonization, as all of the mice with shNT.HT1080 lung colonies had to be euthanized due to tumor-related weight loss ( Figure 6A ). In contrast, all of the 11 shATF4.HT1080-injected mice survived, some more than 100 days after the intravenous injection ( Figure 6A ).
To further test whether ATF4 was required for effective lung colonization, shNT, shATF4, and adeno-mATF4.HT1080 cells were introduced into the nude mice via tail-vein injection ( Figure 6B ). Similar to the previous experiment, mice injected with the shNT. HT1080 cells had a marked increase in luciferase activity compared with those injected with shATF4.HT1080 cells. By 8 weeks after injection, the shNT.HT1080-and mATF4-reconstituted HT1080 cells showed comparable signals ( Figure 6C ). These data suggest that ATF4 not only rescues the cell's ability to form lung colonies, but also promotes survival during the initial stages when the cells cannot proliferate due to absence of matrix attachment. Moreover, expressing HO-1 in trans in ATF4-deficient cells resulted in a partial, but significant increase in luciferase activity as compared with shATF4.HT1080 cells ( Figure 6D ). Such partial recovery could be attributed to several other genes that are upregulated in response to tumor microenvironments in an ATF4-dependent manner. Overexpressing HO-1 also resulted in increased secondary metastatic sites (such as hind leg muscle and abdomen) and a decreased overall survival rate in mice compared with the shATF4 counterpart 18 hours (Supplemental Figure 7A) . Similarly, measurement of metabolic flux through OPPC showed higher 14 CO 2 accumulation in siHO1 HT1080 cells as compared with the nontargeting control (Supplemental Figure 7B) , confirming its antioxidant property to cope with increasing ROS production.
To further investigate the role of HO-1, shATF4.HT1080 cells were transfected with a lentiviral vector expressing full-length human HO-1 protein (hHO-1). Immunoblots confirmed elevated HO-1 protein levels compared with shATF4.HT1080 cells following 48 hours of suspension culture ( Figure 5D ). Critically, reexpression of HO-1 protein in shATF4.HT1080 blocked apoptosis ( Figure 5D ). Collectively, these results strongly suggest that induction of ATF4 following matrix detachment results in upregulation of HO-1 to cope with increased oxidative stress. Failure to induce such ATF4-mediated antioxidant response results in increased sensitivity to anoikis-mediated cell death.
ATF4 binds to HO1 promoter following anoikis. ATF4 regulates gene expression by directly binding to the C/EBP-ATF regulatory elements (CARE) in the promoters of its target genes (42) . Analysis of HO1 promoter did not reveal any canonical or putative ATF4-binding sites. However, HO1 is a known direct target of NRF2, a master regulator of the antioxidant stress response (23) . Previous reports had shown that antioxidant response elements (AREs) are present within the HO1 promoter, and at least one study reported that ATF4 and NRF2 interact in vitro, suggesting potential coordinated function (40) . We focused on 3 AREs in the HO1 promoter, as they have been shown to be NRF2-binding sites. The AREs were amplified by the primer pairs p1, p2, and p3 ( Figure 5E ). Of the 3 AREs, significant enhancement of ATF4 binding was observed by ChiP in ARE1 (-3975/-3900) and ARE3 (-9048/-8928) only in suspension cultures ( Figure 5E and Supplemental Figure 7B ). As a control, the histone H3 Lys 4-specific antibody used to amplify RPL30 exon 3 regions showed binding independent of stress conditions ( Figure 5E ). These data strongly suggest that ATF4 binds to 2 unique ARE sites in the HO1 promoter, likely via an interaction with NRF2 to transcriptionally upregulate its expression following matrix detachment.
ATF4 and NRF2 coordinate to increase HO-1 expression during matrix detachment. During activation of the ISR following oxidative stress, PERK directly phosphorylates NRF2 to transcriptionally activate an antioxidant gene program (25) . Following loss of matrix attachment, HT1080 cells exhibited increased NRF2 expression, which was sustained even after 48 hours of suspension ( Figure 5F ). Such induction of NRF2 could be critical, since NRF2 is widely regarded as the primary transcriptional inducer of HO-1 (23) . Indeed, knockdown of NRF2 expression by siRNA (siNRF2) in shNT.HT1080 cells significantly decreased HO-1 expression following suspension compared with nontargeting control siRNA ( Figure 5F ). Expression of HO-1 was totally blocked when NRF2 expression was knocked down in shATF4.HT1080 cells ( Figure 5F ). Importantly, knockdown of NRF2 increased apoptosis in shNT and shATF4.HT1080 cells under suspension and copied the apoptotic phenotype of shATF4.HT1080 cells ( Figure 5F ). Furthermore we observed significant enrichment of NRF2 binding at ARE1 and ARE3 sites of the HO1 promoter, which further increased in suspension conditions ( Figure 5E ). jci.org
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proteins showed extensive areas of colocalization in these tumors (arrows in Figure 7C ), suggesting that ATF4 and HO-1 expression must play an important role in formation of lung colonies by HT1080 fibrosarcoma cells.
(Supplemental Figure 9 , A-C, and Figure 6E ). Serial lung sections from mice injected with shNT.HT1080 cells displayed high expression of ATF4 and HO-1 ( Figure 7C ) as well as moderate expression of LC3. Importantly, the highest levels of expression of these shNT.HT1080 cells along with shATF4.HT1080 cells and HO-1-overexpressing cells (shATF4 + hHO-1) were injected. Mean radiance is plotted as a function of time (mean ± SEM). *P < 0.05; **P < 0.01, Student's t test. (E) Kaplan-Meier survival analysis for mice injected with shNT.HT1080 (n = 5), shATF4.HT1080 (n = 5), and shATF4+hHO-1.HT1080 (n = 10) cells (*P = 0.0285, log-rank test between groups of mice injected with shATF4.HT1080 and shATF4+hHO-1.HT1080 cells). (F) i-shATF4.HT1080 cells were injected on the right flank in female nude mice, and mice were administered water with or without 1 mg/ml Dox (+Dox, n = 8; -Dox, n = 7). Primary tumors were excised surgically when tumors reached approximately 400 mm 3 , and bioluminescence from the chest/lung area was measured and plotted over time (days). Data are represented as mean ± SEM. *P < 0.05, Student's t test. jci.org
Loss of attachment to the proper ECM can lead to binding and proliferation of cells to an inappropriate substrate (45) . To counterbalance this potentially detrimental effect, the process of anoikis has evolved to ensure proper development of multicellular organisms and also serve as an important barrier mechanism to prevent dysplastic growth (20) . However, metastatic cancer cells can elicit elaborate mechanisms to escape anoikis while detaching from the ECM of their primary site. Most mechanisms elicited to prevent anoikis impinge on blocking the caspasemediated apoptotic pathways by regulating antiapoptotic factors such as BCL2 as well as suppressing proapoptotic factors such as BID, BAX, and BIM. Such pathways are mediated by cell-surface effectors such as integrin-mediated activation of PI3K/AKT pathways as well as activation of receptor tyrosine kinases (46, 47) . However, recent studies have demonstrated that integrinindependent signaling pathways such as the UPR can play a key role in regulating anoikis (22) . Our results indicate that ATF4 (an effector of PERK) plays a critical role in executing the ISR response for survival of anoikis ( Figure 8) .
Our data suggest a dual mechanism of ATF4 to provide anoikis resistance. One mechanism involves activation of a cytoprotective autophagy program by regulating important autophagy-related genes such as ATG5, ATG7, and ULK1. Our data are in agreement with a recent study that demonstrated the role of PERK-mediated cytoprotective autophagy in suspended luminal breast cancer cells (MCF10A) in vitro and in vivo (22) . Our results also suggest a complementary mechanism by which ATF4 confers anoikis resistance. It has been reported that ROS generated during matrix detachment is caused by the small GTPase RAC1 upon engagement with integrins and is beneficial for cancer cells, as it activates the PI3K/AKT pathway (48, 49) . While increased ROS levels can have proliferative roles, unbalanced and unmitigated ROS increase can result in organelle destruction and, ultimately, cell death. We observed that chronic oxidative stress is induced following loss of matrix attachment in the absence of ATF4, which led to sensitization of cells to anoikis. Importantly, our results indicate that the potent antioxidant Trolox can rescue detached cells lacking ATF4, underscoring the fact that it is the antioxidant properties of ATF4 that are critical for anoikis resistance. Additionally, it has been shown by Schafer et al. that antioxidants can also prevent anoikis by increasing intracellular ATP levels -a mechanism involving enhancing fatty acid oxidation (37) . This study also shows that the effect of matrix detachment on intracellular ATP levels can be phenocopied by overexpression of oncogenes such as ERBB2 (37) . Interestingly, HT1080 cells have an activating N-RAS mutation and DLD1 cells have an activating K-RAS mutation. Mutations in RAS such as HRAS V12 have been shown to activate UPR, and deactivation of important regulators of UPR such as IRE1, XBP1, ATF6, and ATF4 induces cellular apoptosis in the presence of the oncogene expression (50) . Furthermore, Croft et al. have shown that hyperactive oncogenic signaling through RAS or BRAF V600E activates MEK/ERK signaling, which is required to adapt the cells to cope with increased levels of inherent endoplasmic stress (51) .
The antioxidant properties of ATF4 have been well documented, as it transcriptionally induces several antioxidant genes Finally, we utilized a flank xenograft tumor model to explore whether inducible loss of ATF4 plays a role in tumor metastasis. HT1080.i-shATF4 cl.4 cells were injected subcutaneously into the flanks of nude mice. After 2 days, mice were divided into 2 groups, and half were given Dox dissolved in their drinking water (+Dox). Primary tumors were removed when they reached approximately 400 mm 3 to allow for metastatic spread to form in the lungs. Compared with the -Dox (normal ATF4 levels) group, there was a decrease in the primary tumor volume in the +Dox (lower ATF4 levels) group (Supplemental Figure 10, A and B) . More importantly, approximately 40 days following primary tumor removal, there was also a significant decrease in the metastatic tumor volume in the lungs in the mice treated with Dox (lower ATF4) ( Figure 6F and Supplemental Figure 10C) . Analysis of the lungs by H&E staining showed larger sized metastatic colonies in -Dox mice compared with the +Dox group (Supplemental Figure 10D) .
HO-1 is expressed in metastatic human tumors. Interrogation of publicly available data sets from 1,406 lung cancer patients showed a significantly lower probability for overall survival rate in patients with higher HO-1 tumor expression levels ( Figure 7A and ref. 43) . Similarly, higher expression of HO1 (transcript levels ≥ 2-fold) in glioblastoma patients also predicted a significantly reduced survival rate ( Figure 7B) .
Next, we analyzed the pattern of HO-1 expression in tumors isolated from cancer patients. Immunochemistry analysis with HO-1-specific antibody (Supplemental Figure 11A ) determined that HO-1 was not highly expressed in histopathologically normal mesenchymal or epithelial tissue (Supplemental Table 2 and Supplemental Figure 11B ). We also detected very low expression of HO-1 in primary breast and sarcoma tumors with no known lymphatic involvement or metastasis at the time of surgical resection (Supplemental Figure 12 , A and B). ATF4 expression was quite variable in these tumors (Supplemental Figure 12, A and B) . Similarly, absence of HO-1 was also observed in human leiomyosarcoma samples with no confirmed metastasis at the time of surgical resection (Supplemental Figure 12C ). In contrast, high HO-1 expression was detected in samples from primary breast with positive lymph node infiltration and metastatic sarcoma (to the brain) ( Figure 7 , D and E). Importantly, there was extensive colocalization between high ATF4 and HO-1 expression in both these metastatic tumor lesions ( Figure  7 , D and E). The results above, coupled with the correlation of HO-1 levels with worse outcome in lung and glioma cancer patients, support the notion that high HO-1 expression in the primary tumor may confer on transformed cells the ability to resist conditions of matrix detachment and contribute to metastatic behavior.
Discussion
The metastatic process requires that transformed cells acquire several characteristics to overcome normal tissue homeostatic mechanisms. In epithelial cell tumors, EMT is critically important for migration and invasion into the ECM (44) . However, in tumors of mesenchymal cell origin (such as sarcomas, which were investigated here), the role of EMT is less clear. Cell migration and invasion into the ECM are also key requirements for intravasation and subsequent colonization. Our in vitro results indicate that, for these 2 processes, ATF4 is dispensable, at least in the mesenchymal cell system we tested. jci.org
Volume 125 Number 7 July 2015 ing ROS. Our results reveal that an important intersection node between PERK-eIF2α-ATF4 and PERK-NRF2 signaling toward conferring anoikis resistance is the transcriptional upregulation of HO1. NRF2 and ATF4 accumulate, interact, and bind to ARE sites in the HO1 promoter; these are predominantly known to be binding sites for NRF2. This common signaling pathway originating from PERK further adds to the growing evidence that suggests that PERK could potentially be exploited as a therapeutic target (4, 7, 68) to induce anoikis in circulating tumor cells and prevent metastatic growth.
Methods
Chemicals TG (catalog T9033), Trolox (catalog 238813), puromycin (catalog P9620), and Dox (catalog D9891) were purchased from SigmaAldrich. Spautin-1 was obtained from Millipore (catalog 567569, Calbiochem). Methylcellulose (catalog 64670) and poly-HEMA (catalog 772542) for suspension cultures were also obtained from SigmaAldrich. PERK inhibitor GSK414 was provided by Jonathan Axten (GlaxoSmithKline) (28) .
Cell culture and generation of stable cell lines HT1080 human fibrosarcoma cells and DLD1 human colorectal fibrosarcoma cells were obtained from ATCC (HT1080-CCL-121 and DLD1-CCL-221) and were cultured in DMEM supplemented with penicillin, streptomycin, and 10% FBS. Cells at a density of 5 × 10 5 /ml were placed in suspension culture in media with 0.5 % methylcellulose to prevent clumping and were plated on tissue culture plates coated overnight with poly-HEMA (6 mg/ml in 95% ethanol) at 37°C for drying. Following suspension, the cells were centrifuged and washed twice with ice-cold PBS for protein measurement. HT1080 and DLD1 cells stably expressing shNT and shATF4.HT1080 and DLD1 cells as well as shGCN2.HT1080 cells were previously described (11) . HT1080 cells stably transfected with shPERK (shPERK.HT1080) were provided by J. Alan Diehl (69) . i-shNT and i-shATF4.HT1080 cells were created by stably transfecting HT1080 cells with TRIPZ shNT (i-shNT) or shATF4 (i-shATF4) vectors (Thermo Scientific) and selecting with 2 μg/ml puromycin to obtain stable clones. Dox (1 μg/ml) was used to induce the expression of the shRNA. The CAS9/ CRISPR system targeted to exon 2 of the ATF4-coding sequence was used to generate pSp-CRISPR-ATF4 cells from HT1080 human fibrosarcoma cells. shATF4.HT1080, pSp-CRISPR-ATF4, and i-shATF4 were grown in media supplemented with nonessential amino acids and 55 μM β-mercaptoethanol. Rescue of ATF4 expression was performed by transducing shATF4.HT1080 or shPERK.HT1080 cells with adenovirus encoding full-length mATF4 (Ad-mATF4) as described previously (11) . Overexpression of HO-1 was performed by lentiviral transfection of hHO-1-IRES-GFP (Precision LentiORFs, Thermo Scientific) to shATF4.HT1080 cells and selected for 15 μg/ml blasticidin. For bioluminescent imaging, cells were transfected with a constitutively expressed luciferase plasmid and then selected with 500 μg/ml G418. ON-TARGETplus siRNAs against human ATG5 (catalog L-004374), ATG7 (catalog L-020112), ULK1 (catalog L-005049), HO1 (catalog L-006372), and NRF2 (catalog L-003755) were obtained from Thermo Scientific. Efficiency of knockdown was confirmed by immunoblot analysis.
following ER stress, which allows amelioration of ROS (2, 26, 38) . We found that the mRNA and protein levels of HO-1 were substantially induced following matrix detachment. Intriguingly, HO-1 is also a target of HIF1α, and it is upregulated in renal cell carcinoma and prostate tumors and confers resistance to radiotherapy-and photodynamic therapy-induced cellular toxicity (52) (53) (54) . The role of HO-1 toward tumor metastasis is largely unclear. Murine melanoma cells (B16F10, S91, and SK-mel188) overexpressing HO-1 have also been shown to increase metastatic lesions in lungs by augmenting vascularization and upregulation of VEGF expression (55) . Similarly, transplantation of pancreatic tumors overexpressing HO-1 in rats results in a higher incidence of metastasis to lungs (56) . One mechanism by which HO-1 potentiates tumor metastasis involves genes regulating ECM, such as the matrix metalloproteinases MMP9 and MMP2, which are upregulated (~5-fold) in lung metastatic tumors (57) . Other reported mechanisms by which HO-1 is thought to regulate metastasis include upregulation of thymosin-β4 (T β4), which has been shown to be elevated in HO-1-overexpressing melanoma cells and has been shown to induce metastasis in melanoma, fibrosarcomas, and squamous cell carcinomas (55, 58, 59) . A third proposed mechanism involves activation of HYAL1 (hyaluronidase), which has been also shown to be overexpressed in HO-1-elevated tumors and has been implicated as a biomarker for metastatic potential of the tumor (55, 60) . Finally, HO-1 has been shown extensively as a proangiogenic factor, controlling important regulators, such as VEGF and basic FGF (bFGF) (61) . These results support an emerging model in which HO-1 plays a central role in upregulating multiple prometastatic activities in multiple tumor systems, thereby making it an attractive target to prevent both primary and metastatic tumor growth.
Studies with HO-1 inhibitor zinc protoporphyrin IX (ZnPPIX), a heme analogue that inhibits HO-1 enzymatic activity, have shown promising results toward reducing primary tumor growth cell lymphoma, lung cancer, and sarcoma in mice (62) . One of the major issues for ZnPPIX is its solubility, which makes it difficult for it to work in vivo. However, recent developments, such as highly water soluble PEG-ZnPPIX and SMA-ZnPPIX, have shown considerable improvement in its antitumor potential and tumor drug retention as well as reduced side effects in mice (63) .
Even though the protumorigenic properties of HO-1 have been well documented, the precise mechanism by which HO-1 exerts its effects on autophagy is not well established. Under physiological conditions, increased HO-1 expression has been shown to induce autophagy to remove damaged mitochondria and repress oxidative stress that can lead to tumorigenesis (64, 65) . However, once a malignancy has been established, increased levels of ROS have been shown to promote both primary and metastatic growth (66) .
Both endoplasmic reticulum stress and oxidative stress have been shown to induce activation of the PERK-dependent arm of the UPR (4, 67) . PERK has been shown to activate NRF2 independently of eIF2α-P-mediated ATF4 upregulation, and both NRF2 and ATF4 have demonstrated antioxidant properties. Collectively, our data provide what we believe is a new mechanistic insight into how PERK-mediated ATF4 and NRF2 pathways work in conjunction to activate an antioxidant response to cope with increas-jci.org Volume 125 Number 7 July 2015
Real-time quantitative PCR was done using Power SYBR Green PCR Master Mix (Applied Biosystems) and was analyzed with the Applied Biosystems 7300 Real-Time PCR System. PCR primers (Invitrogen) used are mentioned in Supplemental Table 1 . Relative mRNA levels were quantified using the standard curve method. Experiments were done in triplicate and are represented as mean plus SD.
Cell viability
Cell viability was also measured by 0.1% Trypan blue and was digitally analyzed and counted by Nexcelom Cellometer Auto X4 Cell Counter (Nexcelom Bioscience). All viability experiments were repeated as 3 independent experiments, and mean percentage of cell survival was calculated along with SD. Student's t test was used for calculating statistical significance.
ROS measurements
shNT and shATF4.HT1080 as well as siNT and siHO-1.HT1080 cells were grown in attached or suspension conditions for indicated periods of time. Cells were trypsinized, resuspended in PBS containing 10 μM DCF-DA (Sigma-Aldrich), and incubated at 37°C for 30 minutes. Levels of fluorescence were measured by Fluoroskan Ascent (Thermo Electron Corporation). Results are representative of 3 independent experiments ± SD, and statistical significance was obtained by Student's t test.
Immunoblot analysis
Immunoblotting was performed as previously described (3). The primary antibody against ATF4 was purchased from Santa Cruz Biotechnology Inc.: anti-rabbit ATF4 (clone C-20, catalog sc-200).
The following antibodies were purchased from Cell Signaling Technologies: anti-rabbit phospho-eIF2α (Serine 51) (catalog 9721), antirabbit eIF2α (catalog 9722), anti-rabbit CHOP (clone D46F1, catalog 5554), anti-rabbit human-specific c-PARP (Asp214) (catalog 9541), anti-rabbit cleaved caspase 3 (Asp175) (catalog 9661), anti-rabbit PERK (clone D11A8, catalog 5683), anti-rabbit LC3B (catalog 2775), anti-rabbit p62 (catalog 5114), anti-rabbit ATG5 (catalog 2630), anti-rabbit ATG7 (catalog 2631), anti-rabbit NRF2 (clone D1Z9C, catalog 12721), anti-rabbit XBP1s (clone D2C1F, catalog 12782), anti-rabbit Ku80 (catalog 2753), and anti-rabbit HO-1 (clone P240, catalog 5061). The following antibodies were purchased from SigmaAldrich: anti-rabbit ULK1 (catalog A7481) and anti-mouse β-actin (clone AC-40, catalog A3853). Anti-rabbit phospho-PERK (Threonine 982) was provided by Kirk Staschke (Eli Lilly). Anti-rabbit ATF6 antibody was provided by Ronald C. Wek (Indiana University School of Medicine, Indianapolis, Indiana, USA) (70) .
Real-time quantitative PCR RNA was isolated with TRIzol Reagent (Ambion). Reverse transcription was performed using AMV Reverse Transcriptase (Promega). Paraffin-embedded tissue slides from human as well as mouse lungs were deparaffinized and rehydrated, and antigen retrieval was performed using 10 mM sodium citrate (pH 6.0). Inactivation of endogenous peroxidase was performed with 3% hydrogen peroxide, followed by blocking with 5% normal goat serum. Immunohistochemistry on serial tissue sections was performed with monoclonal anti-mouse HO-1 primary antibody (1:100, catalog NBP1-97507, Novus Biologicals), monoclonal anti-mouse ATF4 (1:250, clone 3E4C5, catalog 60035-1-Ig, Proteintech), and monoclonal antimouse LC3B (1:100, clone 5F10, catalog 0231-100, Nanotools Antibodies). Images were scanned and analyzed by Aperio Imagescope (Leica Biosystems). For additional information, see Supplemental Methods.
Statistics
All graphs were generated and all statistics (Student's t test and logrank test) were performed with GraphPad Prism software (GraphPad Software Inc.). Statistical analysis was performed with Student's 2-tailed t test. P values of less than 0.05 were considered significant.
Study approval
Animals. All animal experiments were approved by the University of Pennsylvania IACUC and were performed in accordance with NIH and University of Pennsylvania guidelines. Human tumor samples. All human tissue samples were obtained from the Tumor Tissue/Biospecimen Bank core facility at the University of Pennsylvania School of Medicine. Informed consent was obtained under a protocol reviewed and approved of by the Institutional Review Board at the University of Pennsylvania (IRB protocol 807537).
